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Abstract: 
such as China’s Pu-erh tea. Ten microbial isolates representing 6 species were recovered from a solid-state fermentation of 


The natural microbiota involved in the fermentation influence the quality and taste of fully postfermented teas 


a Pu-erh type tea. The isolates were Aspergillus tubingensis, Aspergillus marvanovae, Rhizomucor pusillus, Rhizomucor tauricus, 
Aspergillus fumigatus, and Candida mogii. With the exception of A. marvanovae and C. mogii, all these microorganisms 
have been previously reported in solid-state fermentations of native Pu-erh tea. The ability of the isolates for converting 
the tea polyphenols to bioactive theabrownins in infusions of sun-dried green tea leaves in a submerged fermentation 
process was subsequently investigated. All isolates except C. mogii TISTR 5938 effectively produced theabrownins in a 
4-d fermentation in shake flasks at 40 °C, 250 rpm. A. tubingensis TISTR 3646, A. tubingensis TISTR 3647, A. marvanovae 
TISTR 3648, and A. fumigatus TISTR 3654 produced theabrownins at particularly high levels of 6.5, 12.4, 11.1, and 
8.4 g/L, respectively. 
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Practical Application: 
benefits. Theabrownins are currently recovered by extraction from Pu-erh tea for various applications. The proposed 


Theabrownins are bioactive food and pharmaceutical supplements with numerous proven health 


new production process using a pure fungal culture to ferment a tea infusion, offers a more controlled, reproducible, and 


highly productive alternative for commercial production of theabrownins. 


Introduction 

Tea is the most widely consumed beverage next to water (Bansal 
and others 2013). Tea is classified into 6 types, depending on the 
method of processing, especially the extent of the fermentation. 
The 6 types of teas are: green tea, yellow tea, dark tea (includes 
brick tea and Pu-erh tea), white tea, oolong tea, and black tea 
(Ho and others 2008). This work is concerned with a Pu-erh 
type tea. Pu-erh tea is produced exclusively in certain regions 
of Yunnan province of China (Abe and others 2008; Ahmed and 
Stepp 2013). It is made from fully fermented leaves and buds of the 
broad-leaf variety of the tea plant (Camellia sinensis var. assamica (L.) 
O. Kuntze; Theaceae). Pu-erh tea is produced by a solid-state fer- 
mentation process involving the indigenous microorganisms found 
on the tea leaves (Mo and others 2008). In the manufacturing pro- 
cess, the fresh tea leaves collected from plantations are heat-treated 
to inactivate the indigenous plant enzymes and dried (Abe and 
others 2008). This heat treatment allows the tea leaves to be stored 
for prolonged periods. The dried leaves are moistened with water 
and piled as windrows on straw mats in the fermentation room 
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(Abe and others 2008). In addition to the microorganisms already 
on the leaves, the microorganisms inhabiting the straw mats and 
the fermentation room infect the leaves. Changes in color and 
flavor of the leaves are followed during the fermentation and the 
endpoint of the fermentation is decided by an experienced oper- 
ator (Abe and others 2008). 

The water activity in a solid-state fermentation is generally less 
than 0.7 and, therefore, only fungi and yeasts thrive (Chisti 2010). 
Many fungi and yeasts have been isolated from the indigenously 
fermented Pu-erh tea samples (Table 1). Several of the identified 
microorganisms (Table 1) have been found to play important roles 
in the fermentation process (Gong and others 1993; Xu and others 
2005; Abe and others 2008; Zhao and others 2010; Yang and 
others 2011; Qin and others 2012; Haas and others 2013; Wang 
and others 2014a). In 60 representative samples of Pu-erh tea, 
the yeasts Arxula adeninivorans and Pichia farinose were shown to 
predominate and they were followed by Aspergillus spp. (Aspergillus 
niger, Aspergillus foetidus, Aspergillus tubingensis, Aspergillus awamori; 
Zhao and others 2010). In 36 Pu-erh tea samples, Haas and others 
(2013) reported the most prevalent species to be Aspergillus acidus 
and Aspergillus fumigatus, followed by Zygomycetes and Penicillium 
species. These variations are partly due to the diversity of the tea 
samples and possibly because different microbial consortia may be 
able to produce the desired fermentation outcome. Differences 
in the natural inoculums, the production environments, the raw 
materials, the storage and transportation conditions also affect the 
microbial diversity of the final product. 

Pu-erh tea has been produced for centuries by the various 
sociolinguistic peoples of the Yunnan Province, including the 
Bulang (Blang), Wa, Akha (Hani), Lahu, Yao, Hmong (Miao), 
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Table 1-Fungi and yeasts associated with Pu-erh tea fermentation. 


Microorganism 


Reference 


Aspergillus niger 
Xu and others (2005), Yang and others (20 
Haas and others (2013), Wang and others (20 
Haas and others (2013), Qin and others (2012 
Haas and others (2013), Mogensen and others 
Yang and others (2011), Zhao and others (20 
Haas and others (2013), Yang and others (201 
Yang and others (2011), Zhao and others (20 
Yang and others (2011) 
Abe and others (2008) 


Aspergillus tubingensis 
Aspergillus fumigatus 
Aspergillus acidus 
Aspergillus awamori 
Penicllium 

Rhizomucor pusillus 
Rhizomucor tauricus 
Blastobotrys adeninivorans 


Abe and others (2008), Gong and others (1993), Haas and others (2013), Qin and others (2012), Wang and others (2014a), 


1), Zhao and others (2010) 

4a), Yang and others (2011), Zhao and others (2010) 

), Wang and others (2014a), Wang and others (2014b), Zhao and others (2010) 
(2009) 

0) 

1), Zhao and others (2010) 

0) 


Arxula adeninivorans Yang and others (2011), Zhao and 
Zhao and others (2010) 


Yang and others (2011) 


others (20 
Pichia farinose 
Candida tropicalis 


0) 


Jinuo, De’ang, Dai, and Han. The indigenes consume tea as 
medicine, tonic, beverage, and food for energy and wellbeing 
(Ahmed and Stepp 2013). Some of the health-related claims 
attributed to Pu-erh tea include hypolipidemic properties, an- 
tiobesity, antimutagenic, antioxidative, antitumor, free radical scav- 
enging, and toxicity suppressing activities (Lee and Foo 2013). 
These benefits are partly linked to the presence of theabrownins 
(TB), the water soluble polymeric phenolic compounds derived 
from various polyphenols (catechins; theaflavins, TF; thearubigins, 
TR), polysaccharides, proteins, lipids, and caffeine via microbial 
action (Peng and others 2013). Pu-erh tea may contain around 
120 g TB/kg of dry tea leaves (Lv and others 2013). TB are het- 
erogeneous macromolecules with many benzene rings, hydroxyl 
functional groups, carboxyl groups, methyl groups, and amino 
groups (Gong and others 2012). TB are soluble in water, but in- 
soluble in ethyl acetate, n-butyl alcohol and other organic solvents 
(Gong and others 2010b). TB fractionated from Pu-erh tea have 
been shown to have diverse bioactivities (Abe and others 2008; 
Gong and others 2010b; Wang and others 2012; Wang and oth- 
ers 2013). For example, in animal models they lower serum lipid 
levels, show antioxidative effects and induce weight loss (Abe and 
others 2008; Gong and others 2010b; Wang and others 2012; 
Wang and others 2013). 

Fermented teas contain other bioactive polyphenolic com- 
pounds including TR and TE Therefore, distinguishing these from 
TB is important. TR are red-colored polyphenols that are 
produced from catechins and other compounds in tea via conden- 
sation and oxidation reactions occurring during tea fermentation. 
The exact structure of TR is uncertain (Haslam 2003). Theaflavin 
is a specific compound: 3,4,5-trihydroxy-1,8-bis[(2R,3R)-3,5,7- 
trihydroxy-2-chromanyl]-6-benzo[7]annulenone; = C29 H24O0 jp. 
Theaflavin and its derivatives are collectively known as “theaflavins 
(TF).” TF are produced from flavanols of tea leaves by enzyme- 
mediated condensation during fermentation. Both TR and TF 
are oxidized polyphenols. Tea proteins, lipids and caffeine are not 
involved in the formation of TE TB are believed to result from 
catechins, TR and TF through diverse reactions (polymerization, 
condensation, oxidation) and incorporate material from proteins, 
lipids, caffeine, and possible other compounds in their polymeric 
polyphenolic structure (Gong and others 2012). TB have a brown 
color. TE TR, and TB can be separated by making use of their 
different solubilities in different solvents (Roberts and Smith 
1963; Wang and others 2011). 

Conversion of tea polyphenols to TB is an important part of the 
Pu-erh tea fermentation. Therefore, identifying the specific species 
contributing to this transformation is essential to understanding 
this fermentation. Although many of the fungi involved in the 
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solid-state fermentation of Pu-erh tea have been identified to 
some level (Abe and others 2008; Yang and others 2011), the 
production of TB from tea polyphenols by pure culture of these 
fungi has not been examined. The present study characterizes the 
involvement of fungi in the solid-state fermentation of a Pu-erh 
type tea. The isolated fungi are identified using molecular methods 
and their potential for producing the bioactive TB by pure culture 
submerged fermentation of infusions of sun-dried green tea leaves 
is reported. 


Materials and Methods 


Materials 

Assam sun-dried green tea leaves (C. sinensis var. assamica) with a 
moisture content 6.25% by weight were obtained from a plantation 
located in Chiangrai province, Thailand. 


Characterization of fungi from solid-state fermentation of 
Pu-erh type tea 

Solid-state fermentation. Solid-state fermentations of the 
sun-dried green tea leaves were carried out using the natural mi- 
crobiota present on the leaves. Thus, 400 g of sun-dried green 
leaves were moistened with 220 mL of distilled water to achieve a 
final moister content of ~35% (w/w). The moistened leaves were 
covered with a gas-permeable food-grade polyethylene film and 
incubated at 45 °C, 70% relative humidity, in a controlled climate 
chamber (KBF240, BINDER, Tuttlingen, Baden-Wiirttemberg, 
Germany) for 14 d. The leaves were turned over and sprayed with 
distilled water on day 8 to ensure a homogeneous fermentation 
and a sufficient moister level. During fermentation, tea leaf sam- 
ples were taken periodically for chemical and microbial analyses. 
The fermentation and all analyses were carried out in duplicate. 

Isolation and enumeration of fungi. The fungi were iso- 
lated from the tea samples and enumerated using the method of 
dilution plating (Pitt and others 2009). Thus, 1 g of each sample 
was mixed with 9 mL of sterile distilled water on a rotary shaker 
(150 rpm) for approximately 15 min. A decimal dilution series 
of the supernatant was prepared using sterile distilled water and 
0.1 mL of the appropriately diluted supernatant was spread on 
sterile PDA (per liter: potato starch 4 g, dextrose 20 g, chloram- 
phenicol 0.1 g, agar 15 g) petri plates. The plates were incubated 
at 37 °C for 2 d before counting. The number of colony forming 
units (CFU) was calculated per gram dry weight of tea leaves. The 
moisture content of the fermented tea leaves was determined by an 
automated infrared gravimetric moisture analyzer (IR-35, Denver 
Instrument, Suffolk, N.Y., U.S.A.). A 2 g sample was used. Single 
and well-isolated colonies were picked from the petri plates and 
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further purified by 3 sequential cultures on PDA plates using the 
3-point inoculation method. The pure isolates were maintained on 
PDA slants at 4 °C for further characterization and identification. 

Molecular identification of isolates. Isolates were grown 
aerobically as pure cultures in 20 mL of YM broth (per liter: yeast 
extract 3 g, malt extract 3 g, peptone 5 g, dextrose 10 g) in 
125 mL shake flasks. The cultures were incubated at 37 °C, 
250 rpm, for 24 h. The fresh cells were harvested by centrifugation 
at 1700 g for 5 min (Sigma 203, Osterode am Harz, Niedersachsen, 
Germany) and washed twice with sterile deionized water. 

A rapid CTAB DNA isolation method was used for extracting 
the DNA from fresh cells (Mannarelli and Kurtzman 1998). 
Polymerase chain reaction (PCR) was employed for amplification 
of the internal transcribed spacer (ITS) region of the ribosomal 
RNA gene using the extracted DNA. The universal fungal 
primers ITS1 (5’-TCCGTAGGTGAACCTGCGG-3’) and 
ITS4 (5/-TCCTCCGCTTATTGATATGC-3’) (synthesized by 
Thermo Scientific, Waltham, MA., U.S.A.) were used in the 
PCR. Reagents for PCR amplification had been purchased from 
Thermo Scientific (Thermo Fisher Scientific Inc. Waltham, MA., 
US.A.). Amplifications were carried out in a final volume of 
50 WL, containing 1.0 wL of template DNA, 5 L of 10 x buffer, 
5 wl of dNTPs (2.5 mM), 0.5 wL of Taq polymerase, 1.0 wL 
(10 uM) of each primer, and 36.5 wL of sterile distilled water. 
Reactions were run for 30 cycles of denaturation at 95 °C for 
1 min, annealing at 55 °C for 1 min, and extension at 72 °C 
for 2 min. An initial denaturation at 95 °C for 2 min and a final 
extension at 72 °C for 10 min were carried out. Two microliters of 
each PCR mixture was analyzed by 1% agarose gel electrophoresis 
in a 1.0 x triacetate buffer. The PCR mixtures were purified 
using NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel 
Gmbh & Co. KG, Diiren, Nordrhein-Westfalen, Germany) 
according to the instructions supplied with the kit. The purified 
products were directly sequenced (Macrogen Inc., Seoul, Korea), 
and contigs were assembled using the forward and _ reverse 
sequences with the BioEdit program (version 7.2.5, Tom Hall 
Ibis Biosciences, Tom Hall Ibis Biosciences, Calif., U.S.A.). 
Alignments of the sequence data were compared using Blastn 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi), to search for similar 
sequences in the DDBJ/EMBJ/GenBank database. To distinguish 
among the various species of Aspergillus section Nigri, part of the 
beta-tubulin gene was amplified using primers Bt2a and Bt2b, 
and part of the calmodulin gene was amplified using the primers 
CF1L and CF4. This amplification work was done by the Dept. of 
Medical Science, Nonthaburi, Thailand. The taxonomic identifi- 
cation of the yeast strain by using primers ITS1 and NL4 was also 
carried out by the aforementioned organization. The sequences 
that were obtained from the pure isolates in this study were 
deposited in GenBank under the accession numbers KJ948639 
to KJ948652. All isolates were maintained on PDA slants at 4 °C 
for further use. Voucher specimens were deposited in the culture 
collection of Thailand Inst. of Scientific and Technological 
Research (TISTR) and assigned TISTR accession numbers. 


Chemical analysis of fermented tea leaves 

Tea leaves were sampled every 7 d during the fermentation. 
The moisture in the samples was determined by automated gravi- 
metric analysis as mentioned above. The dried leaves (3 g) were 
boiled with 125 mL of distilled water for 10 min. The slurry was 
filtered (11 zm pore size, cellulose filter, No. 1004-125, What- 
man, Buckinghamshire, U.K.). The clear filtrate was recovered, 
cooled to room temperature and made up to 125 mL by adding 
distilled water. The tea polyphenols in the filtrate were quantified 


spectrophotometrically as explained by Wang and others (2014b). 
TB, TR, TE the total soluble carbohydrate, amino acids, and to- 
tal protein were measured in the filtrate as previously described 
(Wang and others 2011). Duplicate measurements were performed 
on each sample. 


TB production capability of microbial isolates 

Preparation of tea infusion. Assam sun-dried green tea 
leaves (1 g) were infused for 15 min in boiling distilled water 
(30 mL) and the slurry was filtered. The resulting clear tea in- 
fusion was made up to 30 mL with distilled water. As a green 
tea infusion is likely to be heat labile in view of its contents of 
tea catechins, several thermal treatment methods were initially in- 
vestigated in attempts to kill any existing viable microorganisms 
while minimizing the thermal damage to bioactive compounds in 
the infusion. The thermal treatments included: the control (that 
is, no further treatment); high temperature sterilization at 121 °C 
for 1 min; pasteurization at various conditions (65 °C, 30 min; 
75 °C, 30 min; 80 °C, 30 min); and microwave heating (640 W, 
2 min). Pasteurization at 80 °C for 30 min was found to effec- 
tively kill all viable microorganisms while the degradation of the 
tea polyphenols was minimal relative to control. Therefore, in all 
work reported here, the infusion was pasteurized (80 °C, 30 min) 
and cooled to room temperature. The pasteurized infusion was 
used as the fermentation substrate without further supplementa- 


tion with nutrients. 
Preparation of inoculum. Two loopfuls of individual isolate 


were transferred aseptically from a PDA slant into 25 mL of the pas- 
teurized tea infusion in a 125-mL Erlenmeyer flask. The flask was 
incubated aerobically on an incubator shaker (250 rpm) at 40 °C 
for 48 h. This culture was used to seed the ensuing submerged 
fermentation for producing TB. The volume of the seed was 10% 


(v/v) of total initial volume of the production fermentation. 
TB production in shake flask fermentations. All sub- 


merged fermentations of the pasteurized tea infusion were carried 
out using the pure microbial isolates. Thus, 10% (v/v) of the above 
noted inoculum was added to the pasteurized clear tea infusion 
(225 mL) in a 500-mL Erlenmeyer flask. The flasks were incubated 
aerobically (250 rpm) at 40 °C for 4 d and sampled every 24 h. 


All fermentations were carried out in duplicates. 


Analytical procedures 

The fermentation broth samples were quenched immediately 
after sampling, by heating to 75 °C for 5 min in a water bath. The 
quenched sample was filtered (11 ym pore size, cellulose filters, 
No. 1004-125, Whatman, Buckinghamshire, U.K.). The levels 
of tea polyphenols, TB, and the total soluble carbohydrate were 
measured in the filtrate (Wang and others 2011). The TB contents 
(grams TB/100 g sun-dried green tea leaves) were estimated as 
follows: 


7.06 x 2x A3g¢ 


1l—m 


Theabrownin (%) = x 0.72 


(1) 
In Eq. (1), m (% by weight) is the moisture content of the sun- 
dried green tea leaves used in making the infusion and A380 is the 
spectrophotometric absorbance at 380 nm. The multiplier of 0.72 
(Eq. 1) differs from the original reference (Wang and others 2011) 
because a different ratio of tea leaves to water was used in making 
the infusion in this work. All assays were in duplicate. 


Data analysis 
Data were expressed as mean values + standard deviation. Dun- 
can’s one-way ANOVA was carried out using the SPSS 16.0 


Vol. 80, Nr.4,2015 » Journal of Food Science M811 


M: Food Microbiology 


& Safety 


Ayayes 7 
ABojoiqasaiy) poo4 :\\ 


Microbial production of theabrownins... 


software for Windows (SPSS Inc., Chicago, Ill., U.S.A.). Dif 
ferences were considered statistically significant when the P value 
was less than 0.05. 

The fermentation kinetic parameters were calculated according 
to Sirisansaneeyakul and others (2013). The kinetic parameters 
were calculated on a specific volume basis to account for the 
changes in volume caused by sampling. The measured concentra- 
tions were corrected for the volume changes, as follows: 


(2) 


‘ z t 
Corrected concentration = Measured concentration x — 
0 


In Eq. (2) Vo was the initial volume (mL) of the fermentation 
broth and V; was the volume (mL) at any time ¢. The measured 
concentrations corrected for the volume changes, as above, were 
used in calculating the yields. 

The corrected concentrations were used in calculating all the 
kinetic parameters. The volume specific rates (Qrp, Qrp) were 
calculated for the entire fermentation period; thus, the volu- 
metric consumption rate of tea polyphenols (Qrp) and the vol- 
umetric production rate of tea TB (Qrp) were calculated as 
follows: 


Crp,¢ —- Crp,.o 
Qre = ——— (3) 
tr — to 
Org = CTBt 18.0 (4) 


tr — to 


where Crpo and Crp¢ are the concentrations of tea polyphenols at 
the beginning (time = fy) and the end (time = ¢,) of the fermenta- 
tion, respectively. Similarly, Crp, and Crp, are the concentrations 
of tea TB at the beginning (time = f)) and the end (time = f) of 
the fermentation, respectively. 

The yield coefficient (Yrp/rp) of TB on tea polyphenols was 
obtained from the initial and final measured values of the relevant 
concentrations; thus: 


Crs.¢ -_ CrB.0 


(5) 
Crp.o — Crp,r 


Yrp/Tp = 


Results and Discussion 


Fungi count and moisture content of tea leaves during 
solid-state fermentation 

As shown in Figure 1, the moisture content was always within 
35% to 45% (w/w) with an average value of 38.9% during the fer- 
mentation. Therefore, the initial moistening and the water spray- 
ing on day 8 effectively controlled the moisture level within the 
desired range for this fermentation. The fugal colony count profile 
(Figure 1) followed the expected pattern of an initial lag/decline 
phase during 0 to 1 d and subsequent rapid growth to a colony 
count of 3.1x 10° CFU/g dry weight of tea leaves on day 3. After 
day 3, there was a slow increase in the colony count to a final 
count of 5.2 x 10’ CFU/g on day 14. The growth was minimal 
after day 3 because of nutrient limitation as no nutrients of any 
kind had been added to the tea leaves. 


Identification of fungi isolated from solid-state 
fermentation 

A total of 6 fungal species (Table 2) were detected at various 
stages of the fermentation as shown in Figure 2. The yeast Can- 
dida mogii occurred only on day 3 (Figure 2). The other fungi 
found were A. tubingensis, Aspergillus marvanovae, Rhizomucor pusil- 
lus, Rhizomucor tauricus, and A. fumigatus (Table 2). Except for A. 
marvanovae and C. mogii all of the listed species have been previ- 
ously reported to be involved in the solid-state fermentation of 
native Pu-erh tea. A. tubingensis was the dominant species except 
on days 3 and 4. On days 3 and 4, the dominant species were 
C. mogii and R. pusillus, respectively. A. fumigatus, a thermophilic 
fungus, appeared near the end of the fermentation on days 11 to 
14. All microorganisms were identified microscopically and the 
identity was confirmed to the species level by robust molecular 
methods (Table 2). 

Until recently, A. niger has been viewed as the main microor- 
ganism contributing to Pu-erh tea fermentation (Gong and others 
1993; Xu and others 2005; Abe and others 2008; Zhao and others 
2010; Qin and others 2012; ). This largely speculative view was 
challenged by Haas and others (2013) who identified 31 species 
with the most prevalent being A. acidus and A. fumigatus in 36 
samples of Pu-erh tea. Prior work did not distinguish among the 
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Table 2-—Dominant fungi isolated from solid-state tea fermentation. 


(a) Internal transcribed spacer fragments amplified from primer pairs ITS1/ITS4 


Strain Fragments (bp) Species Homology Accession number* 
TISTR 3646 574 Aspergillus tubingensis 99% KJ948639 
TISTR 3647 524 Aspergillus tubingensis 00% KJ948640 
TISTR 3648 477 Aspergillus marvanovae 00% KJ948641 
TISTR 3649 544 Rhizomucor pusillus 00% KJ948642 
TISTR 3650 618 Rhizomucor tauricus 00% KJ948643 
TISTR 3651 604 Rhizomucor tauricus 00% KJ948644 
TISTR 3652 546 Rhizomucor pusillus 99% KJ948645 
TISTR 3653 552 Rhizomucor tauricus 00% KJ948646 
TISTR 3654 571 Aspergillus fumigatus 00% KJ948647 
(b) Internal transcribed spacer fragments amplified from primer pairs ITS1/NL4 

TISTR 5938 834 Candida mogti 00% KJ948648 
(c) Calmodulin gene fragments amplified from primer pairs CF1L/CF4 

TISTR 3646 658 Aspergillus tubingensis 99% KJ948649 
TISTR 3647 649 Aspergillus tubingensis 99% KJ948650 
(d) Beta-tubulin gene fragments amplified from primer pairs Bt2a/Bt2b 

TISTR 3646 514 Aspergillus tubingensis 100% KJ948651 
TISTR 3647 533 Aspergillus tubingensis 99% KJ948652 


*“GenBank/EMBL/DDBJ accession number. 


various contributing black Aspergilli using definitive methods (Mo- 
gensen and others 2009; Haas and others 2013). In the present 
study, neither A. acidus nor A. niger was found. Of the species 
found in the present work, A. tubingensis, R. pusillus, R. tauricus, 
and A. fumigatus have been frequently reported in other Pu-erh 
tea fermentations (Zhao and others 2010; Yang and others 2011; 
Qin and others 2012; Haas and others 2013; Wang and others 
2014a). Two of the microorganisms found, that is, A. marvanovae 
and C. mogii, have not previously been associated with Pu-erh tea 
fermentation. A. marvanovae is a new species of Aspergillus section 
Fumigati (Hubka and others 2013). This fungus was 1st isolated 
from the boric acid rich water of a nuclear power station. The 
yeast C. mogii is of course well known and it is used for producing 
xylitol from xylose (Sirisansaneeyakul and others 1995). 


Changes in composition of the tea leaves during solid-state 
fermentation 

As the fermentation progressed, the chemical composition of the 
tea leaves changed through microbial action as shown in Table 3. 


The total dry matter decreased with time because of oxidation 
of some of the carbohydrates to carbon dioxide and water. The 
total soluble carbohydrate decreased until day 7 and subsequently 
increased (Table 4). The increase was likely due to the enzymatic 
hydrolysis of some of the insoluble carbohydrate to a soluble form 
under conditions of low microbial growth (day 7 to 14; Figure 1). 
The low growth allowed an accumulation of the soluble carbohy- 
drate. The significant decrease in amino acids was likely because 
of consumption by the microorganisms as a source of nitrogen. 
The protein increased because of microbial synthesis. 

The tea polyphenols, TF and TR all declined significantly as 
a consequence of conversion to TB. The concentration of TB 
increased from nearly 14 g/kg to 99 g/kg (p < 0.05). These 
changes were consistent with other similar observations (Gong 
and others 2010a; Wang and others 2011). The change in the 
observed level of TB was due to the enzymatic action of the 
mixed microbial cultures. In subsequent work, the capacities 
of the individual isolates as pure cultures were investigated for 
converting the tea polyphenols to TB. 


: ; Figure 2—Changes in distribution of the species during 
A. tubingensis | solid-state fermentation. 
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Microbial production of theabrownins... 


Table 3—Changes in chemical composition (g/kg dry tea leaves) during solid-state tea fermentation. 


Fermentation Total soluble 

time (d) Theabrownins Thearubigins Theaflavins Tea polyphenols carbohydrate Amino acids Protein Dry matter 
0 13.96+0.06 62.4041.338 1.0440.2148 317.9149.818 — 60.4643.948F 21.02 41.345 10.6640.47" 93.494 0.578 
7 22.3841.70 71.78+1.148 1.3340.188  336.35412.11° 56.43+5.354  14.7343.058 14.7940.628 92.52+0.678 
14 98.6746.55> 25.39+10.564 0.98+0.134 184.51416.924  65.98+ 6.378 5.344£0.374 16.56+0.60© 90.62+ 0.634 


All data are presented as mean 4 


t SD, © P < 0.05 in the same column. 


Table 4—-Effects of leaf grinding and thermal treatments on properties of tea infusion. 


Main chemical components extracted from tea leaves* 


Tea leaves Total soluble carbohydrate (TSC, g/L) Tea polyphenols (TP, g/L) Theabrownins (TB, g/L) 
Unground 1.610.044 3.7540.25" 0.37+0.04" 
Ground 1.5440.134 3.4440.244 0.330.034 
Heating method effects on appearance, microbial count and main chemical components of tea infusion” 
Total plate count Yeasts and molds 

Heat treatment Appearance (CFU/mL) count (CFU/mL) TSC (g/L) TP (g/L) TB (g/L) 
Control No precipitate 17114773 110+ 10 1.56 + 0.024 4.83 + 0.234 0.62 + 0.044 
121 °C, 1 min Precipitate ND ND 1.47 £ 0.044 4.844 0.15" 0.56 + 0.014 
65 °C, 30 min No precipitate 13949 1142 1.540.034 4.98 + 0.15" 0.56 + 0.044 
75 °C, 30 min No precipitate 334 842 1.53+0.034  4.9040.484 0.68 + 0.04 
80 °C, 30 min No precipitate ND ND 1.57 £0.03 4.48 + 0.05" 0.56+0.014 
Microwave (640 W, 2 min) No precipitate 5+0 +0 2.31 40.528 8.48 + 0.748 0.920.108 


“All data are presented as mean + SD, “P > 0.05 in the same column. 


5 All data are presented as mean + SD, “®P < 0.05 in the same column. ND, not detectabl 
“Tea infusion without heat treatment. 
TSC, total soluble carbohydrate; TP, tea polyphenols; TB, theabrownins. 


The effects of leaf grinding and thermal treatments on tea 
infusion 

Whether the tea leaves were ground or not prior to preparation 
of the infusion had no effect (p > 0.05) on the concentration of 
chemicals (total soluble carbohydrate, tea polyphenols, TB) in the 
infusion (Table 4) therefore unground leaves were used in all work 
reported here. 

Prior to use in pure culture fermentations, the green tea in- 
fusion needed to be heat treated to kill any contaminating mi- 
croorganisms. Several heat treatments were investigated (Table 4) 
in attempts to achieve the desired kill effect with minimal thermal 
damage to the chemicals in the infusion. The effects of 5 treat- 
ments on changes in the concentration of the CFU and the tea 
constituents (total soluble carbohydrate, tea polyphenols, TB) are 
shown in Table 4. 

Only sterilization and pasteurization at 80 °C (30 min) to- 
tally inactivated the viable microorganisms (Table 4). Sterilization 
caused a precipitate to form, but it did not significantly affect the 
levels of the total soluble carbohydrate, tea polyphenols and TB 
relative to untreated control infusion (Table 4). The precipitate 
formation may have been due to the tea catechins undergoing 
reactions such as oxidation, polymerization, and epimerization 
(Komatsu and others 1993). As pasteurization (80 °C, 30 min) 
effectively killed the viable microorganisms and caused no precip- 
itation or other damage, it was selected as the preferred treatment 
for all work reported here. 


Production of TB using selected fungal isolates in 
submerged culture 

The 10 microbial isolates obtained from the tea solid-state fer- 
mentation were cultured individually in the pasteurized (80 °C, 
30 min) infusion of sun-dried green tea leaves to investigate their 
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ability to produce TB. The results are shown in Figure 3. Data for 
uninoculated control culture are also shown (Figure 3). 

In a 4-d fermentation at 40 °C in shake flasks (250 rpm), only 
9 isolates demonstrated a capacity for producing TB (Figure 3A). 
The yeast C. mogii TISTR 5938 was unable to produce TB. Of 
the 9 isolates that could produce TB, 4 fungi were clearly out- 
standing producers (Figure 3A). These were A. tubingensis TISTR 
3646, A. tubingensis TISTR 3647, A. marvanovae TISTR 3648, 
and A. fumigatus TISTR 3654. They provided the final TB titers 
of 6.5, 12.4, 11.1 and 8.4 g/L, respectively (Figure 3A). As TB are 
produced from tea polyphenols, for the above mentioned 4 fungi 
the consumption of tea polyphenols was distinctly faster than for 
the other fungi (Figure 3B). 

In all fermentations, the total soluble carbohydrate tended to 
decline during the 1st 2 d of the fermentation (Figure 3C) on 
account of consumption by the fungi. Afterwards, the growth 
was minimal because of limitation of 1 or more nutrients and 
the consumption of soluble carbohydrate ceased. After day 2, the 
concentration of the soluble carbohydrate increased (Figure 3C) 
possibly because of a partial autolysis of the biomass or because of 
the production of extracellular microbial polysaccharides. 

The fermentation kinetic parameters for the shake flask cul- 
tures were calculated to further characterize the TB production 
(Table 5). The volumetric rates of TB production (Qyg) by A. tub- 
ingensis TISTR 3646, A. tubingensis TISTR 3647, A. marvanovae 
TISTR 3648, and A. fumigatus TISTR 3654 were 0.050, 0.102, 
0.090, and 0.059 g/L h, respectively. These values were signifi- 
cantly higher than the Qrx values for the other strains (P < 0.05). 
TB yield on tea polyphenols (Yrp/rp) for A. tubingensis TISTR 
3647 and A. marvanovae TISTR 3648 were nearly 1.8 and 3.9 g/g, 
respectively. These were substantially higher than for the other 
strains. The differences in TB yields of the different fungi are 
likely a consequence of the differences in their enzyme systems. 


Microbial production of theabrownins... 
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Figure 3—Changes in concentrations of theabrownins (A), tea polyphenols (B) and total soluble carbohydrate (C) in shake flask fermentations with 


various pure cultures. Data are presented as mean values + SD. 
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Microbial production of theabrownins... 


Table 5—Comparison of the kinetic parameters for theabrownins production.* 


Strain Culture time (h) Crpo (g/L) Crp, (g/L) Qrp (g/L h) Qrs (g/L h) Yrp/tp (g/g) 
Aspergillus tubingensis TISTR 3646 0 to 96 8.37£0130PF 5.2140.16? 0.0454 0.003? 0.050 + 0.001 113 £0.102° 
Aspergillus tubingensis TISTR. 3647 0 to 96 8.94 £0.59DE 9.95+0.49% 0.057 + 0.006" 0.102 + 0.006" .796 + 0.258 
Aspergillus marvanovae TISTR 3648 0 to 96 7.40 + 0.1948 8.85+0.01F — 0.023+0.000° 0.090 0.000° — 3.902 + 0.069 
Rhizomucor pusillus TISTR 3649 0 to 96 8.040.404 2.58+0.038 0.014+0.00148° 0.024 40.001? .742 + 0.0625 
Candida mogii TISTR 5938 0 to 96 9.16 + 0.85= 0.6340.01*  0.016+0.0138© —-0.005+ 0.001" 0.393 £ 0.303 
Rhizomucor tauricus TISTR 3650 0 to 96 7.73 £0.03"8© — 2.35+0.108 0.0144 0.0014B© 0.0184 0.001 267 £0.102 
Rhizomucor tauricus TISTR 3651 0 to 96 7.83+0.45°BC  2.234+0.108 0.011 +.0.00148 0.017 + 0.001° 561 +0.240PF 
Rhizomucor pusillus TISTR 3652 0 to 96 7.9140.1148°  2.3740.018 0.0154 0.001P© 0.019 0.001 264 + 0.148? 
Rhizomucor tauricus TISTR 3653 0 to 96 7.95+0.229BC 2.25+0.078  0.015+0.0028° 0.0184 0.001 165 +0.122° 
Aspergillus fumigatus TISTR 3654 0 to 96 8.22+0.299P —6.730.07F 0.060 0.003 0.059+0.001F 0.975 £ 0.0338 
Control (no inoculation) 0 to 96 7.28 +0.074 0.40+0.008 — 0.012+ 0.00048 ND ND 
Solid-state fermentation 0 to 336 10.60 £0.37" 3.2940.21© 0.014+0.00248° 0.009+ 0.0018 0.649 +.0.15948 
*All kinetic parameters were calculated according to Sirisansaneeyakul and others (2013). 

All data are presented as mean + SD, “© P < 0.05 in the same column. 

Crpo = initial tea polyphenols (TP) concentration (g/L); Crp, = the final theabrownins (TB) concentration (g/L); Qrp = the volumetric rate of TP consumption (g/L h); 


Qrp = the volumetric rate of TB production (g/L h); Yr3/rp = TB yield on TP (g/g); ND = not determined. 


For many cases in Table 5, the TB yield on tea polyphenols 
exceeded 1 g/g. This was because the yield was based on tea 
polyphenols, but TB are actually formed by polymerization of 
products derived from tea polyphenols and some of the other 
components present in the tea leaf infusion (Haslam 2003; Gong 
and others 2012; Peng and others 2013). 

Submerged culture was clearly superior to solid-state fermenta- 
tion for producing TB. For example, A. tubingensis TISTR 3647 
achieved a final TB concentration (Crp) of 9.95 g/L in 96 h 
(Table 5) whereas the solid-state culture achieved a titer of only 
3.29 g/L in 336 h (Table 5). Thus the volumetric productivity of 
TB (Qrp) by A. tubingensis TISTR 3647 was nearly 11-fold higher 
than the volumetric productivity of the solid-state fermentation 
(=0.009 g/L h; Table 5). Therefore, the use of submerged culture 
in combination with a suitable pure microbial isolate is definitely 
better than using solid-state fermentation if the intention is to 
produce TB. 

TB are the main bioactive components of Pu-erh tea. TB puri- 
fied from Pu-erh tea have shown a significant blood lipid-lowering 
effect (Gong and others 2010b; Wang and others 2012). Gener- 
ally, TB are extracted from ripened Pu-erh tea and much work has 
focused on enhancing the TB content of ripened Pu-erh tea. Dif- 
ferent strategies have been attempted for this purpose, including: 
inoculation with different microorganisms during the tea produc- 
tion process (Gong and others 2010a; Yang and others 2010; Fang 
and others 2012); the supplementation of the fermentation with 
exogenous enzymes and other additives (Gong and others 2010a; 
Wang and others 2011); and improved control of the fermenta- 
tion conditions (45 °C, 70% relative humidity; Wang and others 
2010). This notwithstanding, production of TB by extraction from 
Pu-erh tea has extremely low productivity as the solid-state tea fer- 
mentation requires 1 to 2 months. In addition, the productivity 
is variable because the TB content of the ripened Pu-erh tea is 
highly variable, depending on the raw materials and the specifi- 
cations of the poorly controlled solid-state fermentation process. 
The production of TB via submerged fermentation of green tea 
infusion offers new possibilities. We previously reported on this 
process (Wang and others 2014b), but the efficacy of the microor- 
ganisms found in the solid-state tea fermentation to produce TB 
via submerged fermentation of a green tea leaf infusion had not 
been determined until the present study. Nine of the 10 microbial 
isolates were shown to produce TB in submerged fermentation 
and the 2 most capable producers were A. tubingensis TISTR 3647 
and A. marvanovae TISTR 3648. 
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Conclusions 

Ten microorganisms isolated from an in-house solid-state fer- 
mentation of a Pu-erh type tea were identified by definitive molec- 
ular methods. Of these, A. marvanovae and C. mogii had not been 
previously associated with this fermentation. Nine of the 10 iso- 
lates were shown to be able to produce TB from tea polyphenols in 
submerged cultures involving an infusion of the sun-dried green 
tea leaves. These isolates spanned strains of the following fungi: A. 
tubingensis, A. marvanovae, R. pusillus, R. tauricus and A. fumigatus. 
The 2 best producers were A. tubingensis TISTR 3647 and A. 
marvanovae TISTR 3648. Pure culture submerged fermentation of 
an infusion of sun-dried green tea leaves was shown to be superior 
for producing TB compared to a solid-state fermentation of the 
same tea leaves. 
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